Unclassified 


S«cunly  CUsiificatiM 


DOCUMENT  CONTROL  DATA  .RAO 

1  - 1 

IAM  tCCl/MiTV  CAA«»«^tC  A  VIOM 

U.  S.  Arry  Engineer  Waterways  Exterita-nt  Station 

Unclass iflej 

Vic-ksburg,  Mississippi 

a6.  •nowA 

1  AK«»OMT  TITUC 

M-JiSURIHG  SOIL  FROFERTKS  IL  VHilT'l  I'.O.^ILITY  Ri;JiJLRn5 

AIJD  CCHK  rTI.-ETRAT103i  R£.SISTA!!CF. 

•  AVTMQWtfl  IMH.  WHI#I  !■«— I.  - - t~-j 

Klaus-Jurpeii  Keizer 


1  i  ■•  MC^OAT 


•  MC^OAT  OATC 

July  1971 


•«.  CONTRACT  OA  <>IIAMT  ktO. 


.  TOTAk  MO.  O#  *ACC» 

i.7 


.  eiM«tM*TOirs  «i«»onT  MUMmcni*! 


». -«oj«eT»o.  r;o'ill02B52A,  Task  01 


Technical  Report  IJo.  V--  9?,  Report  U 


«e.  otaTni»uTM»M  statcmkmt 

Approved  for  public  release;  distribution  i 

mi  lini  ted . 

t«.  seoatMRM*  tML*T*aT  ACTIVITY 

U.  S.  Arsy  MAteriel  Co-rranJ 

Washington,  D.  C. 

Relations  between  cone  penetration  resistance  and  relative  density  wore  developed  by 
means  of  statistical  analysis  (correlation  calculation)  for  three  coi.esi' niess  coils: 
Yuma  sand,  mortar  sand,  and  Bayou  Pierre  sand.  Tliese  relations  were  evaluated  from 
direct  measurements  of  relative  density  and  results  of  tests  with  the  U.  S.  An^/ 
Engineer  Waterways  Experiment  Station  (WES)  standard  cone  penetreaeter.  Most  cf  tlie 
data  for  Yuma  and  mortar  sands  had  already  been  obtained  as  part  of  the  soil-tiro 
performance  tests  previously  conducted  at  the  WES.  However,  several  special  labora¬ 
tory  tests  in  molds  with  both  sands  were  conducted  to  control  and  extend  the  existinc 
range  of  data.  The  results  in  Bayou  Pierre  sand  were  obtained  from  laboratory  tests 
conducted  especially  for  this  stt^.  The  relations  established  between  i-elativc  den¬ 
sity  and  cone  penetration  resistance  emd  Its  gradient,  respectively,  averaged  over  the 
0-  to  15-cm  depth,  depend  on  the  grain  size  and  coc^iactibility  of  the  soil.  T!ie  cone 
penetration  resistance  increases  with  increasing  soil  mean  grain  diameter  and  decreas¬ 
ing  compactibiUty.  The  critical  depth  of  penetration  affects  the  results  within  the 
considered  depthrange  only  in  loose  and  very  loose  sands.  A  qualitative  theoretical 
explanation  of  what  occurs  during  the  penetration  of  a  cone  into  a  cohesionless  rr.edlun 
is  given.. 


Best 

Available 

Copy 


this  resc.'?  ^  ryu  *t**eNfd,  C)t  :n«! 

it  io  crtgitxi^^. 


"n*:*  in  fhi»  w»p*rt  or*  f>ot  to  b*  c«|ittro«<(  «*  isn  official 

Oopartmont  o?  4ta  Amy  pofttiioa  «nl««s  t«  tf«»l|ptot*d 
by  othof  ogtf«rix«<f  docMMnts. 


TECHNICAL  REPORT  NO.  3^452 

MEASURING  SOIL  PROPERTIES  IN  VEHICLE 
MOBILITY  RESEARCH 

R*pdft4 

RELATIVC  DENSITY  AND  CONE  PENETRATION  RESISTANCE 

fcy 


Mr  1971 

U.  S.  Aiwy  MctofMi  CoHMMnd 
PieiMt  No.  IT06II02B52A  Tosfc  Oi 

cmokM  ti  U.  S.  Amv  CfioiiiMf  W>l4nnfM  ExooiMMiik  SKoHoo.  VidEtbiito.  MnniMMM 

ANtr/.lHIC  VICKtftUNO.  MIM 


iirflNMO  r9R  PUBUC  IKtUSC: 


TKK  COIITEiiTS  OF  IlilS  REPORT  ARE  iiOl  ?0 
BE  USED  FOR  Ai)VERTISInG,  FUBLICATIC  H ,  OR 
PROWflOliAL  RJRPOSES.  CITATION  OF  TRADE 
EAI-ES  DOES  HOT  CONSTITUTE  AH  OFFTCIftL 
EHDORSEI-JEHT  OR  APPROVAL  OF  INE  USE  OF 
SUCH  COI-2.IERCIAL  PRODUCTS 


iii 


*  ■  ''■''  '•*  “^v- *-2??^ '»'-?'^i- -*r#v*"^’frss jp^''^«*^'s.**’V3iw»>‘ 


FORKV/ORD 

The  study  reported  herein  was  conducted  fn  19o9  bs  part  of  Departtnent 
of  the  Arcy  Project  lT0oll02352A,  "Research  in  i-!ilitary  Aspects  of  Terres¬ 
trial  Sciences,"  Task  01,  "tlilitai”/  Aspects  of  Off-Road  Mobility,"  under 
the  sponsorship  and  guidmice  of  the  Research,  Development  and  Engineering 
Directorate,  U.  S.  Arn^'  Materiel  Comraand. 

The  study  was  conceived  and  directed  by  Dr.  K.-J.  l*5elser  and  was  per¬ 
formed  by  personnel  of  the  Mobility/'  Researcn  Branch,  Mobility  and  Environ¬ 
mental  Division,  U.  S.  Amy  Engineer  Waterways  Experiment  Station  (VfES). 

The  work  was  conducted  under  the  general  supervision  of  Messrs.  \-J.  G. 
Shockley  and  S.  J.  Knight,  and  under  the  direct  supervision  of  Drs.  D.  R, 
Freitag  and  K,  W,  Wieudieck.  Dr.  Keizer  prepared  this  report. 

CX)L  Levi  A.  Brown,  CE,  and  (JOL  Ernest  D.  Feixotto,  CE,  were  Directors 
of  the  WES  during  this  study  and  preparation  of  this  report.  Messrs.  J.  B. 
Tiffany  and  F.  R.  Brovm  were  Technical  Directors. 


V 


COia'EWTS 


Resvilts  Obtained  . .  l6 

Analysis  of  Data . l6 

Interpretation  of  Data  .  19 

FART  V:  CONCLUSIONS  AND  RECOMKLIiDATIOKS .  22 


Conelx^ions .  22 

Recoffimendations .  22 

LPFERATURE  CITED .  2h 

TABLES  1-3 

PLATES  1-10 


vii 


NOTATION 


■l’"2 


d 


m 


‘^10’''50»‘^c0 


D 

D‘ 


^cl»'^cll 


e  ,e  . 
max^  Kan 
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Constants  in  equation  12 

2 

Base  and  skin  areas,  respectively,  of  cone  or  pile,  cm 
V/idth  of  cone  base,  cm 

Test  constants  (eq>iation  4),  dimensionless 
Coef’icient  of  uniformity  of  the  soil,  dimensionless: 

^oo/'^lO 

Diameter  of  base  of  cone,  cm 
Kean  diameter  of  soil  grains,  mm 
Depth  factor,  dimei;sionless 

Soil  grain  diameter  at  10,  50,  and  60  percent  finer  by 
wei^t,  mm 

Total  penetration  depth,  cm  e  e 

Compact ibility  of  the  soil,  percent:  - x  100 

Critical  depth  of  per.etration,  cm 

Critical  depth  of  penetration  according  to  methods  I  and  II, 
respectively  (fig.  3),  cm 

Relative  density  of  the  soil,  percent 

Registered  penetration  depth,  cm 


Natural  void  ratio  in  the  soil:  - -  -  1 

^d 

Void  ratio  in  the  soil  in  its  loosest  and  densest  states, 
respectively 

Cone  penetration  resistance  gradient,  HS/m^ 

Gravel,  classified  according  to  the  Unified  Soil  Classifi¬ 
cation  System 

Number  of  data  points  in  a  relation 

Bearing  capacity  factor  for  depth,  dimensicnless 
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Bearing  capacity  factor  including  depth  f’actor  K  d 
dimensionless 


q  Penetration  resistance  of  a  one  or  the  base  of  a  pile, 

m/nF- 

— *  P 

q  Average  0-  to  15-cin  cone  penetration  resistance,  kN/m“ 

^  2 
q  Specific  sidn  friction,  kfj/m 

s 

%*^s’Sn6UC  skin,  and  ultimate  loads,  respectively,  H 

r  Correlation  coefficient,  dimensionless 

Sq  Shape  factor,  dimensionless 

s  ,  Standard  deviation 

y*x 

SP-SM,SP  Fine  sands,  classified  according  to  Unified  Soil  Classifi¬ 
cation  System 

V?  Koisttire  content,  percent 

x,y  Variables 

x,y  Mean  values  of  the  variables  x  and  y 

S  Inclination  angle  in  the  versus  q^  reiatic.n 

7  Unit  weight  of  soil,  kN/E3 

,  '3. 

7^  Dry  unit  weight  of  soil,  kK/ffi" 

/,  Specific  gravity,  dimensionless 

Unit  weight  of  v/ater,  kN/m"^ 

9  Apex  angle,  deg 

ji  Angle  of  internal  friction,  deg 
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COriVERSIOK  FACTORS,  METRIC  TO  BRITISH  UNITS  OF  ?®ASimMEHT 
Metric  luiits  of  nieasurenjent  xised  in  this  report  ceui  be  converted  to  British 


units  as  follov/s; 

Multiply 

By 

To  Obtain 

centimeters 

0.3937 

inches 

i 

meters 

3.2808 

feet 

T- 

square  centimeters 

0.1550 

square  inches 

newtons 

0.221*8 

pounds  (force) 

kilonewtons  per  square  meter 

0.3.450 

pounds  per  square  inch 

kilonewtons  per  cubic  meter 

6.3659 

pounds  per  cubic  foot 

? 

millimeters 

0.0394 

inches 

V 

meganewtons  per  cubic  meter 

3.684 

poimds  per  cubic  inch 
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Relations  between  cone  penetration  resistance  and  relative  density 
were  developed  by  means  of  statistical  analysis  (correlation  calculation) 
for  three  cohesionless  soils:  Yuma  sand,  mortar  .’and,  and  Bayou  Fierre 
sand.  These  relations  were  evaluated  from  direct  measurements  of  relative 
density  and  results  of  tests  with  the  U.  S.  kray  Engineer  Waterways  Expert 
roent  Station  (WES)  standard  cone  penetrometer.  Kost  of  the  data  for  Yxima 
and  mortar  sands  had  cQxeady  been  obtsdned  as  part  of  the  soil-tire  perfor 
nance  tests  previously  conducted  at  the  WES.  However,  several  special 
laboratory  tests  in  molds  with  both  sands  were  conducted  to  control  and 
extend  the  existing  range  of  data.  The  resvilts  in  Bayou  Pierre  sand  were 
obtained  from  laboiatory  tests  conducted,  especially  for  this  study. 

The  relations  established  between  relative  dejisity  and  cone  penetra¬ 
tion  resistance  and  Its  gradient,  respectively,  averted  over  the  0-  to  15 
cm  depth,  dejand  on  the  grain  size  and  compectibility  of  the  soil.  The 
cone  penetration  resistance  increases  with  increat'ing  soil  mean  grain  di¬ 
ameter  and  decreasing  coapactibility.  The  critical  depth  of  penetration 
affects  the  results  within  the  considered  depth  range  only  in  loose  and 
very  loose  sands.  A  qualitative  theoretical  explanaticm  of  what  occurs 
during  the  penetration  of  a  cohe  into  a  cobesionless  medium  is  given. 


xiii 


•«r 


rCIASURING  SOIL  PEOPSRTISS  HI  VSliTCLS  MOBILITY  RESEABCl! 

RELATIVE  PSHSITlf  ATID  CO!ffi  PENETRATION  RESISTANCE 

PART  T:  TITTRODUCTIOH 

Background 

1.  One  of  the  main  deficiencies  in  off -road  mobility  research  is  the 
lack  of  a  set  of  valid  relations  between  vehicle  performance  and  soil  prop¬ 
erties.  Ibese  relations  require  a  proper  method  for  adequately  measuring 
pertinent  soil  characteristics;  therefore,  in  the  last  20  years,  many  mo¬ 
bility  research  organizations  have  tried  to  develop  devices  for  measuring 
certain  soil  properties  in  situ.  For  instance,  the  Military  Vehicles  and 
Engineering  Establishment  in  Great  Britain  uses  a  vane  s.  .ear  apparatus  to 
measure  soil  strength;  and  the  U.  S.  Army  Tank-Autemotive  Commend  uses  the 

bevameter,  with  which  plate  penetration  tests  and  horizontal  shear  tests  are 
2 

performed.  From  results  obtained  with  these  devices,  soil  parameters  are 
derived  for  use  in  approaches  to  the  problem  of  soil-vehicle  interaction. 

2.  In  19**^5  the  U.  S.  Army  Engineer  Waterways  Experiment  Station 
(WES)  introduced  the  ec«e  penetrometer,  adapted  from  the  Proctor  needle, 

3 

into  mefcility  research.  Cv»ntrary  to  bevameter  readings,  the  cone  pene¬ 
trometer  readings  (resistance  values)  were  not  considered  basic  soil  prop¬ 
erties  to  be  used  in  a  semitheoretical  approach,  but  a  convenient  aeasxure 
of  soil  strength  (cone  index). 

3.  Cone  index  was  defined  as  average  penetration  resistance  over  a 

dei>th  of  0  to  15  cm*  in  both  cohesive  and  cohesionless  soils.  Later,  it 

came  to  be  used  to  represent  the  strength  of  cohesive  soils  only:  for  co- 

L 

hesionless  soils,  the  cone  index  gradient  was  introduced,  i.e.  the  rate  of 
penetration  resistance  increase  averaged  over  a  depth  of  15  cm.  (As  a  re¬ 
sult  of  using  metric  \mits,  the  terms  cone  penetration  resistance  and  cone 


♦  A  table  of  factors  for  converting  metric  units  of  measurement  to  British 
units  is  given  chi  page  xi. 
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peaeiratluu  resistance  gradis'nt  ha‘/e  replaced  c^ne  index  and  cone  index 
gradient . ) 

4.  Because  inany  organizations  dealing  vd.th  off- road  mobility  re¬ 
search  use  their  own  systec's  for  meeisuring  soil  properties,  conqjarison  and 
interpretation  of  the  performance  of  terrain- vehicle  systems  based  on  the 
vario\is  approaches  are  difficxJ-t.  For  that  reason,  a  committee  for  off-road 
grovind  mobility  research  appoitited  by  the  Chief  of  Research  and  Develop¬ 
ment,  U.  S.  Arny,  in  1959  recommended  that  the  V/ES  conduct  studios  to  cor¬ 
relate  the  varioiis  measurements  derived  by  the  different  approaches  for  co¬ 
hesive  and  eohesionless  soils. 

5.  Developments  in  soil  mecliauiics  in  the  last  30  years  have  shown 
that  tests  with  dynamic  as  well  as  static  penetrometers  are  proper  tech¬ 
niques  for  quick  determination  of  the  subsoil  properties  that  influence  the 
bearing  capacity  and  settlement  of  fotuidatioiis.  Therefore,  one  aim  of  re¬ 
search  has  been  to  establish  relations  for  cohesionless  soils  between  their 
i*elative  density*  and  the  results  from  the  various  penetrometer  tests,  pri 
aarily  the  cone  penetration  resistance  of  the  soils.  This  relation  was 
selected  because  (a)  bearing  capacity  and  settlement  can  at  leasr  be  esti¬ 
mated  if  the  order  of  magnitude  of  the  relative  density  is  known,  and 

(b)  determination  of  the  in  situ  unit  weight  or  relative  density  by  direct 
measurement  is  often  difficult  in  subsoil  exploration. 

6.  The  first  relations  established  between  relative  density  and  cone 

7 

penetration  resistance  seemed  to  be  valid  for  all  sands.  Later,  cone 

penetration  resistance  was  found  to  depend  not  only  on  the  relative  density, 

6-11 

but  also  on  the  type  of  cohesionless  soil  being  penetrated.  Accord¬ 
ingly,  attecjjts  were  made  to  determine  the  soil  properties  that  affect 

*  For  naay  problems,  dry  unit  wei^t,  or  void  ratio,  alone  is  not  suffi¬ 
cient  to  characterize  the  density  of  cohesionless  soils;  the  possible  den¬ 
sity  range  has  to  be  taken  into  accoxmt.  Relative  density  Dy  is,  in 
many  respects,  a  more  correct  description  of  the  actiial  properties  of  co- 

e  -  e 

hesionloss  soils,  since  its  definition,  D  =  -■■■-■  -  ■  ,  includes 

max  rain 

not  only  void  ratio  e  in  the  natiural  state,  b\it  also  the  possible  void 
ratio  Cjjjax  for  the  loosest  state  emd  the  void  ratio  for  the 

densest  state  of  the  material. 

p 


the  penetratior  resistaijce-relative  density  relation.  Mean  grain  size  and 

12  13 

co35)actibility  were  found  to  have  considerable  influence.  ’  A  i-oi^lete 
review  of  the  recent  re.search  in  this  field  is  giveji  iti  references  12,  l4, 
and  15. 


The  purpose  of  the  study  repirted  herein  was  to: 

a.  Qualitatively  describe  »y  theoretical  n.eans  the  beeavlor  of 
cohesionless  soil  when  it  is  penetrated  by  a  cone. 

b.  Establish  a  relation  between  relative  density  and  cone  pene¬ 
tration  resistance  (gradient)  for  sands,  with  mean  grain  size 
and  compacfcibility  taken  into  account. 


Scope 


8.  Three  sands  were  investigated  in  the  laboratory;  (a)  a  desert 
sand  from  near  yuica,  Arizona  (Yuma  sand),  (b)  a  washed  sand  from  an  allu¬ 
vial  plain  (mortar  sand),  and  (c)  a  river-deposited  sand  (Bayou  Pierre 
sand).  All  three  sands  were  tested  in  the  air-dry  state.  .Most  of  the  data 

for  the  Yuma  and  mortar  sands  held  been  collected  in  sc41-tire  perfoniance 

16 

tests  conducted  at  the  WES  in  very  carefully  prepared  soil  bins.  To  com¬ 
plete  the  data  collection,  penetration  tests  in  Bayou  Pierre  sand  and  a 
few  control  tests  in  Yvm.  and  mortar  sands  were  conducted  in  cylindrical 
steel  molds  38  cm  i,n  inside  diameter  and  30  cm  hi^.  The  sands  vrcre  placed 
in  the  molds  such  that  the  consistency  in  each  mold  was  as  uniform  as  pos¬ 
sible.  Relative  densities  ranged  from  ver;/  loose  to  very  dense.  The  WES 
standard  cone  penetreroeter  was  iised  in  all  the  tests,  sind  average  cone 
penetration  resistance  and  gradients  were  determined  from  the  0-  to  15-cm 
depth.  Penetration  speed  was  0.03  m/sec. 


II;  It-KORETICAI.  CCNSIDERATIONS 


General  PuarliiK  capacity  Fornrola 

9.  The  beisic  bearing  capacity  fontiula  Tor  a  pile,  or  a  penetrometer 
considered  to  be  a  model  pile,  car.  be  stated  generally  as 

0,  „  =  Q  +Q  =  qA  i  q  h  (l) 

^nax  c  2  c  c  s  s 

where 

0,  =  ultircate  load 

nax 

Q  =  base  load 
c 

Q  =  skin  load 
s 

=  penetration  resistance  of  a  cone  or  the  base  of  a  pile 
A^,Ag  =  area  of  the  base  and  the  skin,  respectively 
=  speciTic  skin  friction 

For  the  present  investigaoions ,  only  the  cone  penetration  resistance  is 

inportant,  since  the  skin  friction  can  be  neglected  for  small  depths  of 
8  12 

perietration.  *  Therefore,  for  the  cone  penetration  tests  in  sands, 
equation  1  can  be  v/ritten: 

S«x '  %  =  ’A 

10.  There  are  sany  different  solutions  to  the  protlem  of  evaluating 

cone  penetration  resistance  theoretically,  and  nearly  all  of  them  are  based 
on  the  classical  theory  of  plasticity  The  tain  assuiiptjoDS  of  these 

solutions  are: 

a.  The  volure  change  in  the  soil  caused  by  shearing  is  negligi¬ 
ble,  i.e.  the  soil  is  inconpressible;  this  assunption  is 
approxisrateiy  valid  for  dense,  cohesiosHess  soils  only. 

There  are  only  plastic  deformations. 

£.  The  angle  of  internal  friction  along  the  rapture  siurfaces  is 
independent  of  the  stress  acting -normal  to  the  rupt^Jre  lines. 

11.  Tlieoretical,  calculated  bearing  capacity  of  deep  foundations  has 


4 


sclu(.«!i  agreed  with  in  situ^  ineas’^red  faearing  capacity. '  KiTorts  have  been 

19“21 

Bsade  to  find  lionhisticat.ed  so]\tt-ions  to  t-hls  proL>le!''.j  but  a  genorsiliy 

V6did  one  heis  not  been  found.  One  solution  was  found  applicable  in  sojne 

22 

cohesionless  soils,  but  foiled  in  others. 

12.  Althou^  there  is  no  generally  valid  theoretical  solution  that 

yields  reasonable  quantitative  results  (and  the  difficulties  in  reaching 

23 

this  goal  seen.'  tt.<  increase  v/ith  time  rather  than  decrease),  ^  a  relation 
between  cone  penetration  resistance  and  relative  density  can  be  justified 
by  existing  solutions  based  on  the  theoiy  of  plasticity.  Furthern-ore,  at 
least  a  qualitative  explanation  of  what  occurs  during  the  penetration  of  a 
cone  into  cohesionless  soils  should  be  possible. 

13.  If  soil  cohesion  is  zero  ai»d  the  width/depth  (b/D)  ratio  of  a 
cone  is  negligibly  small,  the  theoretical  bearing  capacity  equation  for  th.e 
cone  can  be  stated: 


q  =  ~  =  rlM^d  s  =  rDH's 
^c  <1  <1  <1  q  <1 


where 

7  =  unit  wei^t  of  the  soil 
^  =  depth  of  penetration 
=  bearing  capacity  factor  for  depth 
d  =  depth  factor 

q. 

=>  shape  factor,  usual  l.S  for  a  circular  base 
N*  =  K  d  f(fiJ)  for  constant  depth 

q  q  q  'A 

If  the  penetration  depth  and  the  diameter  of  the  penetroE«ter  are  held  con¬ 
stant,  cone  penetration  resistance  in  equation  3  depends  on 
only.  According  to  plasticity  theory,  the  bearing  capacity  factor 
is  related  to  the  angle  of  internal  friction  ^  .  Ihus,  a  relation  between 
cone  penetration  resistsince  and  angle  of  internal  friction  exists  (fig.  1). 


Relative  Density  ajid  Friction  Angle 


l4.  Various  authors  have  demonstrated,  by  theoretical  and  ecpiriceJL 
means,  that  the  angle  of  internal  friction  p  depends  on  the  void  ratio 


5 


Fig.  1.  Relation  between  cone  penetration  res 
an4  relative  density 

or  the  relative  density  (fig.  l),  even  if  a  generally  val 

24  85  24 

not  yet  been  foimd.  *  One  proposed  equation  is 


cot  f  -  c^e  + 


where 

c^,c^  =  constants  obtained  by  testing 
e  =  initial  void  ratio 

Relative  Density  and  Cone  Penetration  Resist 


15.  The  bearing  capacity 


in  equation  3  can  be  replaced 


by  a  function  of  relati'.'e  density,  so  that  a  rexatloii  between  cone  |jenet-ra- 
tlon  resistance  and  relative  density  is  obtained  (fig.  1): 


%  -  n>  f(D^)  Sq 
12 


(5) 


This  qualitative  derivation  shows  that  relating  relative  density  and  cone 
penetration  resistance  by  en^jirical  means  is  feasible. 

Critical  Depth 

16.  Critical,  depth  is  the  depth  at  which  the  penetration  re¬ 
sistance  of  the  base  of  a  pile,  or  the  penetration  resistance  of  e.  cone, 
ceases  to  increase  .rapidly  (fig.  2d).  Below  that  depth,  the  resistance 
increases  only  sli^tly,  and  the  rate  of  increase  remains  constant,  lliis 
phenonencm  has  been  observed  often  in  tests  with  piles  and  penetrom- 
eters  *  and  nay  be  importejit  in  jtaiging  soil  density  profiles  with 
the  WES  cone  penetrozaeter. 

j  p  2Q 

17.  According  to  the  theoretical  considerations  of  De  Beer,  *  the 
results  obtained  during  a  penetration  can  be  explained  qualitatively  as 
follows,*  Benetrating  a  cohesionless  soil,  a  penetrometer  produces  various 
states  of  failturc,  as  shown  by  the  rupture  lines  in  figs.  2a-2c.  At  the 
begiiuiing  of  the  test,  the  ngrtiure  pattern  for  very  shallow  penetration 
depths  corresponds  to  that  of  a  shallow  foundation  (fig.  2a),  which  means 
that  =  1,0  (equation  3)  and 


^TTtar^ 


(6) 


18.  With  increasing  depth,  the  shearing  resistance  along  the  i-upt’ore 

surfaces  above  the  penetrated  depth  (fig.  2b)  cannot  be  neglected.  For 

each  depth  smaller  than  the  critical  depth,  i.e.  where  the  loiptiu’e  lines 

20 

exit  the  penetrometer  shaft,  * 


*  This  specific  ezqzieinaticn  has  been  chosen  because  it  leads  to  reasonable 
qualitative  results.  Trds  does  not  mean  that  there  are  not  other  possi¬ 


ble  solutions. 
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-_2  ^  0\  ^20tan0 

an  '  2) 


(?) 


»•  t 

li 


q 


•rfith  r:/2  s  0  <  tt  (figs.  2a  and  2b),  0  being  the  apex  angle.  The  total 

bearing  capacity  factor  fP  csin  be  separated  into  the  bearing  capacity 
factor  i'lq  for  a  shallow  foundation 'and  the  depth  factor  d  as 
follows : 


a  e^20-n)tar^  .  ^^2  ^  ^ntan)? 


where 

g(28-iT)tan^  ^  ^ 

q 


(9; 


and 


tan^  ^  (equation  6) 

The  apex  angle  6  depends  on  the  depth  D  ;  thus  d^  does  not  increase 
linearly  with  depth  (fig.  2d) ,  nor  does  the  cone  penetration  resistance  q^ 
(equation  3).  2!he  critical  depth/diaiaeter  ratio  D^/d  is  given  by  Jakj,’^'^ 
as: 

^  =  tan(!.5°.|)e"*“^  (10) 


19.  Below  the  critical  depth,  the  depth  factor  remains  constant 


d  =  . 
qc 


(11) 


so  the  penetration  resistance  increases  only  because  of  the  increasing 
overburden  pressure  7D  ,  according  to  equation  3»  and  the  increase  is 
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DEPTH 


therefnra  much  smaller  than  that  above  the  critical  dei>th.* 


20.  The  critical  depth  increases  vrith  increasing  angle  of  internal 
friction  (relative  density).  From  equation  10,  ratios  of  2,  10,  and 

30  were  obtained  for  ^  -  10  deg-  30  deg,  and  40  deg,  respectively.  The 
order  of  magnitude  of  these  values  was  verified  by  large-scale  testing,  at 
least  for  dense  and  very  dense  cohesionless  soils.  It  must  be  pointed 


PENETRATION  RESISTANCE 


9^,  KN/m* 


Fig.  '  -fariation  of  penetration 
resistance  v/ith  depth  for  a  pile 
(d  =  21.6  cm)  (reference  2c)  and 
determination  of  the  critical  depth 
ac>'crlLng  to  lethods  I  and  II 


out  again  that  the  explanation 
of  the  critical  depth  is  based 
on  the  theory  of  plasticity; 
therefore,  it  is  valid  only  for 
incompressible  materials  to 
which  dense  soils  approximately 
correspond. 

21.  When  the  theoretical 
increase  of  the  cone  penetration 
resistance  with  depth  (fig.  2d) 
is  compared  with  the  increase 
meaaxjred  in  actual  testing 
(fig.  3),  an  approximate  agree- 
.•nent  in  the  general  trend  of  the 
curves  results;  however,  the 
critical  depth  cannot  be  clearly 
recognized  in  the  measured  test 
resttlts.  Besides  the  plastic 
deformations  (paragraph  lO), 
whicli  are  dominant  in  the  case 
of  dense  sands,  deformations 
caused  oy  compression  come  into 
the  picture  for  looser  sands. 

22.  Tvo  methods  for 


‘  in  some  instances  of  actual  testing,  this  small  increase  in  the  penetra¬ 
tion  resistance  below  the  critical  depth  v;as  not  observed.^”  This  was 
explained  by  arching  of  the  sand  above  the  penetroraeter  baise. 
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r 


1 


I- 

S: 
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evaluating  critical  depth  are  possible  (fig.  3): 

a.  lfeO»4_I^  The  pel„t  of  ietereectlon  of  the  llnearl;,  extrap. 
Olateh  upper  and  i«er  parts  of  the  curve  yields  the  criti¬ 
cal  depth  p^j  on  the  depth  axis.  Kiis  results  in  a  curve 
that  corresponds  to  the  expected  theoretical  e,u-ve  of  cone 
penetration  resistance  versTis  depth. 

h.  athod  II_.  The  critical  depth  is  reached  at  that  depth 
heloM  which  the  rate  of  increase  of  the  cone  penetration 
resistance  with  depth  remins  constant  (d  ...)  .  This 

corresponds  to  the  general  definition  of  tS^ritical  depth 
in  paragraph  16’. 
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lAin--  III:  THSTS 


Sands 


23.  Yuii’A  and  mortar  sands  are  unilVirinly  fine  sands  classi¬ 

fied  SI -SM  and  SI  ,  I'csixictively ,  accordinf;  to  the  Unified  Soil  Classilica- 
tion  System.  Bayou  Pierre  sand  is  somewhat  less  uniform  than  these  and  is 
n  1  ass X fled  SP.  Gradation  and  soil  proiierty  data  of  the  three  sands  are 
{'Ivon  In  fig.  U.  There  v/as  generally  a  good  agreement  of  ^min 

values  for  those  sands  .dicn  the  void  ratios  in  the  loosest  and  the  densest 

states  were  compared  with  statistical  evaluations  Qf„the  lindting/void 

.•  ...  12,24 

rat. LOS  'U  sands. 


Tost  Equipment 


24.  Steel  cylindrical  molds  were  used  to  hold  the  test  materials. 

The  outside  diameter  of  each  mold  was  39  cm,  the  inside  dxamcter  38  cm,  and 
the  height  30  cm. 

25.  The  vrcs  standard  cone  penetrometer  was  used  in  all  tests.  The 
cone  had  a  30-deg  apex  angle  and  a  ba!se  diameter  of  2.03  cm  (base  area 
3.2'  cm"^),  a!id  was  mounted  on  a  shaft  with  a  smaller  diameter  to  reduce 
shin  friction.  A  0.95-cm-diam  shaft  vms  used  in  the  Yuma  sand  tests,  and 
a  l.‘;9-cm-diam  shaft  was  used  in  the  mortar  and  Uayou  Pierre  sand  tests. 
S'nafts  with  different  diameters  were  used  because,  in  the  Yuma  sand  tests, 
an  electrical  event  marker  activated  the  pressure-measuring  and  depth- 
moasiuvLng  devices,  and  in  the  mortar  and  Bayou  Pierre  sand  tests,  a  photo¬ 
cell  mounted  in  the  base  of  the  cone  made  a  shaft  with  a  large  diameter 
ncc.  ssary .  Nevertheless,  results  obtained  from  control  tests  with  both 
shafts  in  Yuma  sand  v;ere  compared  and  showed  no  Influence  of  the  shaft 
diameter. 

2'c.  The  penetrometer  was  pushed  into  the  soil  by  a  hydraulic  jack 
(fig.  f)  at  a  speed  of  0.03  m/sec  (standard  speed).  The  penotraticn  re¬ 
sistance  'wfis  Pleasured  continuously  through  the  0-  to  15-cm  depth  by  a  load 
ceil  rr.outited  at  the  top  of  the  penetrometer  shaft  and  was  registered  on  an 

t, . ■  w' 
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Fig,  4.  Gradation  and  soil  property  data  for  the  test  sands 


x-y  recorder.  Because  of  the  two  different  methods  of  activating  the 
registration  devices  (laragraph  25),  the  cone  penetration  resistance  versus 
depth  diagrams  were  recoi’ded  for  Yuma  sand  from  that  point  wliere  the  tip  of 
the  cone  touched  the  soil  surface,  and  for  mortar  and  Bayc/a  Pierre  sands 
from  that  point  where  the  base  of  the  cone  was  flush  v:ith  the  soil  surface. 
(Tlie  latter  is  the  normal  procedure  for  registering  depth  with  the  V/ES 
standard  cone  penetrometer;  thus,  the  0-  to  15-cm  average  cone  penetration 
resistance  is  actually-  a  resistance  averaged  over  a  depth  h  to  19  cm  below 
the  soil  surface.) 

Test  Procedures 

2?  Tvo  DKthods  v/ei«  used  to  fill  the  test  molds  as  unifonnly  as 
possibie  ".cMeve  the  desired  relative  densities.  For  loose  and  medium- 
dense  sami  ci,  the  sand  was  plauied  with  a  funnel  or  througii  a  sieve  that 
covered  the  area  of  the  mold,  and  the  hei^t  of  fall  was  varied.  For 
denser  san5)les  also,  the  molds  were  filled  throu^  a  sieve,  but  they  v/ere 
compacted  by  tapping  the  outside  of  the  molds  with  a  ha’imer. 

28.  After  each  mold  was  prepared,  unit  weight  7  and  moisture  con¬ 
tent  w  were  determined,  the  corresponding  void  ratio  e  and  relative 
density  D^,  were  calculated,  and  the  cone  penetration  test  was  conducted. 
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PART  IV:  AIIALYSIS  OF  TF-ST  Rr'.<5ULTS 


Results  Obtained 


29.  Representative  curves  of  cone  penetration  resistance  versus 
iepth  D  (0  to  15  ciTi)  from  tests  in  Yxoma,  mortar,  and  Bayou  Pierre  sands 
are  given  in  plates  la,  Ifa,  and  Ic,  tcspectively- 

30.  Average  cone  penetration  resistance  q  and  average  gradient  G 

c 

values  were  determined  and  are  listed  for  all  tests  in  tables  l-3>  together 
with  cori-esponding  values  of  dry  unit  weight  7^  ,  void  ratio  e  ,  and 


relative  density  . 

L 

following  tabulation: 


Dry  Unit 
Weight  , 


The  ranges  of  these  variables  are  given  in  the 


Void 
Ratio  e 


.  „  Average 

Average  Cone 

Relative  Penetration  ^ 

Der^ity  Resistance 

_  flf  -*  , /_o  Gradient 

^r  >  Ic  »  G  ,  m/rni 


Der.sity 
Or  » 


Sand 

Min 

Max 

Min 

Piax 

Min 

Msix 

mn 

Meoc 

Min 

Max 

Yuma 

13.773 

16.282 

O.clO 

0.901 

5.8 

99.4 

28 

475 

0.3 

5.8 

’■'.-■rtar 

13.881 

16.1+22 

0.595 

0.887 

6.3 

93.2 

35 

455 

0.4 

6.3 

Bayou 

Pierre 

15.676 

18.423 

0.410 

0.658 

0.0 

97.3 

53 

698 

0.6 

9.1 

Analysis  of  Data 


Critical  depth 


31.  The  critical  depth  values  in  this  study  (plate  2)  were  evaluated 
frc«i  tPie  cone  penetration  resistance  versus  depth  curves,  according  to  the 
two  methods  given  in  paragraph  22  and  fig.  3.  The  critical  depth  was  meas¬ 
ured  from  the  soil  surface,  and  could  be  defined  only  for  tests  with  rela¬ 
tive  densities  less  than  roughly  35  percent.  At  greater  densities,  criti¬ 
cal  depth  either  was  not  well  defined,  or  was  not  leached  because  of  the 
limited  height  of  the  molds  (jO  cm). 

32.  The  critical  depth  wes  divided  by  the  diameter  of  the  cone  to 

obtain  the  ratio  D  /d  for  D  derived  by  both  methods.  TPiese  raxios 

c'  c 

were  plotted  versus  relative  density  for  all  sands  tested,  and  the 
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relations  separated  according  to  method  I  (plate  3a)  and  method  II  (plate 
3b).  Even  tho\i^.  there  was  some  scattering  of  the  data,  the  relation  in¬ 
dicates  that  the  ratio  tends  to  increase  with  increasing  relative 

density. 

Void  ratio 

33 ♦  The  purpose  of  this  study  was  not  to  evaluate  the  relation  be¬ 
tween  void  ratio  and  cone  penetration  resistance,  but  between  relative  den¬ 
sity  and  cone  penetration  resistance.  Nevertheless  for  completeness,  void 
ratio  and  dry  unit  weight  were  plotted  versus  average  cone  penetration  re¬ 
sistance  (plate  4)  and  penetration  resistance  gradient  (plate  5)  for  the 
three  sands  tested.  All  the  plots  show  the  expeexed  relations.  Cone 
penetration  resistance  and  penetration  resistance  gradient  increased  with 

decreasing  void  ratio.  Resi0.ts  obtained  from  other  penetration  tests  eon- 

29 

ducted  in  mortar  sand  ^  agree  with  these  results  (plate  5b) . 

Relative  density 

34.  To  establish  quantitative  relations  between  relative  density  and 

average  cone  jjenetraticn  resistance  and  gradient,  respectively,  the  statis- 

30-32 

tical  method  of  correlation  calculation  was  used.  After  trials  with 
vario\is  types  of  equations,  it  was  found  that  the  following  general  form 
fits  the  data  best  for  a  specific  sand  tyx>et 

y  «  a^  log  X  +  a^  (12) 


where 

y  =  relative  density  ^ 

a^  and  a^  =  constants 

X  =  average  cone  penetration  resistance  ^  ,  kN/m^  ,  or 
cone  i)enetration  resistance  gradient  G  , 

35.  The  constants  a^  and  for  the  three  sands  are  listed  in 
the  following  tabulation,  together  with  the  corresponding  .mean  values, 
standard  deviations,  and  correlation  coefficients: 
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m 


'•  e*BK'tfs«aia*‘jvC*ii?p*si!‘  ■>«*«.  n 


Mortar 


Bayou 


Standard  Pnrr#>int^nn 

Constants  jiean  Values  Deviation  _  -1  ^ 

- - - -  — - -  uoeiricient 


Type  Ko.  of 

of  Sand  Tests  y  x  ^1  ^2  y  x 

Yuma  91  Dj.  q;,  71.2  -88.6  67.6  I.I83 

D  G  71.1  +51.6  67.6  0.225 

r 


37  Dj.  75.5  -i06.0  63.5  1.245 
G  75.0  +39.3  63.5  0.322 


+s 

-  yx 


Pierre  36  77.2  -119.2  55.8  1.267 

D  G  77.0  +29.5  55.8  0.342 

r 

p  O 

Dimensions:  in  q^  in  kN/m  j  G  in 


0.960 

0.952 

0.941 

0.938 

0.568 

0.989 


Substitution  of  values  from  the  tibulation  above  for  y  ,  x  ,  a^^  ,  and  a^ 
in  aquation  12  yields  the  follcvfing  equations. 


a.  Yutfa  sand. 


D  =  71-2  log  q  -  88.6 


(13a) 


D  =  71.1  log  G  +  51.6 
r 


(13b) 


b.  Mortar  sand. 


=  75.5  log  q,  -  106.0 


(l4a) 


=  75.0  log  C  +  39.5 
r 


(l4b) 


c.  B^ou  Pierre  sand. 


=  r/.2  log  -  119.2 


(15a) 


Dj,  =  77.0  log  G  +  29.5 


(15b) 


Relations  between  Dp  and  q^  and  between  D^  and  G  are  plotted  in 
plates  6  and  7,  respectively. 


36.  Thu  tvo  correlatioj;  eoeffifiients  for  the  sane  sand  are  very 

close  to  each  other,  rej^rdless  of  whether  (eiiuatio.ns  ISa.  i^a,  ll>h) 

or  G  (eamtlons  13b,  i4b,  1‘^b)  is  used  as  variable  x  .  Therefore,  for 

the  purpose  of  evaluating  it  does  not  inattcr  v/hether  or  G  is 

calculated  from  the  cone  penetration  resistance-depth  diagr?tir..  Kurthcrn.ore, 

constants  a^  and  a^  are  different  for  the  three  sands.-  i.e.  the  same 

values  of  q  and  G  Indicate  different  relative  densities  for  each  sand. 

*c 

Interpretation  of  Data 

Critical  depth 

37.  The  curves  in  plate  2,  which  represent  the  cone  penetration 
resisteuice-depth  relatio/is  over  the  entire  depth  of  the  test  nolds,  shov? 
results  that  were  expected.  The  curves  are  first  concave  up/,'ard  and  then 
convex.  The  rate  of  increase  of  the  cone  penetration  resistance  v/ith  depth 
reaches  its  maximtun  within  the  convex  portion.  The  rate  of  increase  then 
decreases  with  depth,  reaching  its  minimum  at  the  i>oint  of  the  critical 
depth,  and  remains  nearly  constant  below  that  depth.  Th^ls,  the  curves  are 
qvalitativeiy  similar  to  the  theoretical,  cone  penetration  resistance-depth 
curve  in  fig.  2d*  and  to  those  observed  in  eairlier  testing,  e.g.  with 
noms£j.-size  piles  (fig.  3)  • 

38.  Furthermore,  the  criticail  depth  increa.'ses  with  incieeising  rela¬ 
tive  density  (plate  2).  This  tendency  becomes  clearer  when  the  relations 
between  relative  density  and  the  D^/d  ratios  obtained  from  results  with 
all  three  sands  (plate  3)  are  considered.  The  D^-D^/d  relations  agree, 
at  least  qualitatively,  with  tht  theoretical  relation  (equation  10), 
wherein  the  critical,  deptli  does  not  increase  linearly  with  increasing  angle 
of  internal  friction,  i.e.  with  increasing  relative  density  (paragraphs 

l4  and  I8) . 

39*  For  practical,  pxxrposes,  the  registered  depth  range  of  0  to  15  cm 
(D^d  =  0  to  9.5)  over  which  the  cone  p-enetration  resistaince  and  the  gradi¬ 
ent  were  averaiged  lies  above  the  critical  depth  for  raedixen- dense  to  very 
dense  sands,  so  for  aiost  cases  of  interest  in  mobility  resear-'h,  q^  aind 

*  At  least  concerning  the  concave  portion  and  the  portion  belov;  the 
critical  depth. 
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G  are  reliable  indicators  of  stren^h  in  the  0-  to  15-cm  range.  The  cri¬ 
tical  depth  occurs  within  the  0-  to  i5-cm  depth  only  in  loose  and  very 
loose  materials. 

Relative  density 

40.  Becaxise  a  quantitative  explaination  of  the  different  results  for 
the  three  sands  by  theoretical  means  did  not  promise  much  success,  a  more 
qualitative  reasoning  was  applied  to  explain  these  resvilts. 

41.  When  a  cone  penetrates  a  cohesionless  soil,  the  grains  are  dis¬ 
placed.  The  displacement  forces  depend  not  only  on  the  relative  density, 
but  also  on  the  compact ibility  of  the  soil,  in  that  the  grains  in  a  hi^ly 
conpactible  sand  cam  be  displaced  with  less  difficulty  thsui  those  in  a  sanu 
with  low  corapactibility  at  the  sajne  relative  density.  This  results  in 
higher  cone  penetration  resistance  in  soils  v/ith  low  compactibility.  Fur¬ 
thermore,  \iniform  soils  (low  cc-Bpactibility)  generally  have  hi^er  fric- 
tion  angles  than  nonuniform  soils  (hi^  compactibility),  which  leads, 
according  to  bearing  cai)i\city  theories,  to  the  same  effects  mentioned 

12  13 

above.  Earlier  investigations  with  peiietroneters  for  deep  penetrations  * 
siqport  this  reasoning. 

42.  Also,  cone  penetration  resistance  will  be  greater  in  a  soil  with 
large-diameter  grains  than  in  a  so.,  with  smaller  grains .  For  instance , 
when  a  cone  penetrates  a  gravel  and  a  sand,  both  of  which  have  the  same 
relative  density  and  compactibility,  cone  penetration  resistance  will  be 
much  greater  in  the  gravel. 

43.  The  above-mentioned  considerations  agree  with  earlier  investiga- 

12  1^  7  34 

tions,  *  which  showed  that  conpactibility  D**  and  mean  diameter  ’ 

influence  the  constsuits  in  equations  13a,  l4a,  and  15a.  Also,  the  general 

form  of  equations  13a,  l4a,  and  15a  is  the  seuoe  as  that  found  in  the 
12 

earlier  research,  except  that  these  equations  contain  average  cone  pene¬ 

tration  resistance  q^  instead  of  cone  penetration  resistance  q^  . 

44.  If  two  cohesionless  soils  are  assumed  to  have  different  can- 
pact  ibilities  and  constant  =  0  ,  the  relation  between  cone  i^enetra- 
tion  resis~ance  and  relative  density  can  be  plotted  schematiceG-ly 


Defined  by  Tersa^i 


.35 


D*  =  (e 


max 


-  e  )/e 


nan' 


min 


,  'v'f/,  -  .-> 


(plate  8a).  ~  At  the  same  relative  density,  cone  penetration  resist 'moe 

increases  with  decreasing  compactibility.  From  that,  inclination  angle  3  j 

whose  tangent  corresponds  to  constant  in  equations  13a,  iUa,  and  ijjaj 

can  be  .seen  to  increase  with  increasing  coirpactibility.  On  the  otlier  hand, 

if  two  soils  are  assvuned  to  have  the  sanse  conqiactibility  (3  =  constant), 

the  cone  penetration  resistance  at  the  sare  relative  density  increases  •.(•ith 

12 

the  raean  grsdn  diai'^eter  (plate  8b).  Thus,  the  intersection  -'a  the 
axis,  which  is  eq\iivalent  to  constant  a^  in  equations  13a,  l^a,  aiid  I'ia, 
decreases  with  increasing  mean  diameter. 

45.  These  conclusions  were  confirnaid  by  the  results  of  this  study. 
Constarits  and  of  equations  13-15  are  suiisrarized  in  the  follo’wing 
tabulation,  together  with  the  corresponding  co-iipactibilities  and  near: 
diameters;  their  relations  are  plotted  in  plate  9. 


46.  Of  course,  no  general  valid  relation  for  the  influence  of  com- 
pactibility  and  grain  diameter  can  be  derived  that  is  based  on  the  investi¬ 
gation  of  only  three  different  sands.  Nevertheless,  a  qualitative  trend 

12 

can  be  recognized,  the  same  that  was  found  earlier  for  the  resistance  to 
penetration  of  three  different  dynamic  i)enetrometers  and  one  static 
penetrometer. 

47.  The  sane  urend  also  was  observed  for  the  relations  between  cone 
penetration  resistance  gradient  G  and  relative  density  D  (plate  10). 
This  is  not  svtrprising,  since  G  is  an  average  cone  penetration  resistance 
value  divided  by  a  certain  depth  value. 
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i-ART  V:  CONCLUSIOKS  AHD  RECOM.5ENDATIOK3 


Conclusions 

U8.  Based  on  the  i-esiilts  of  tl;is  study,  the  following  can  be 
concluded: 

V/hat  occurs  during  the  penetration  of  a  cone  into  a  cohe¬ 
sionless  medixun  can  be  explained  only  qualitatively  by 
theoretical  means  (paragraphs  9-22). 
b.  The  critical  depth  occurs  in  the  registered  0-  to  15-cni 

depth  range  (b  to  19  cn  below  the  surface)  only  in  loose  and 
very  loose  Bands  (paragraph  39'* 

£.  Relations  between  relative  density  and  average  cone 
penetration  resistance  or  gradient  G  can  be  estab¬ 
lished  by  statistical  means,  thus  facilitating  communica¬ 
tion  among  various  agencies  concerned  with  similar  research 
(paragraphs  3*t-36). 

d.  The  relations  between  relative  density  and  cone  penetration 
resistance  depend  on  the  grain  diameter  and  the  conpacti- 
bility  of  the  considered  eohesionless  soil;  so  these  proper¬ 
ties  have  to  be  taKsn  into  account  when  the  relative  density 
of  a  certain  soil  is  estimated  from  measurements  with  the 
cone  penetrometer  (paragraphs  41-47). 

e.  The  above-mentioned  relations  are  valid  only  for  the  range 
of  cone  penetration  meeisvxements  and  soil  properties  inves¬ 
tigated  herein  (paragraph  46). 

Recommendations 


49.  It  is  recoirinended  that; 

a.  Penetration  tests  be  conducted  on  various  kinds  of  cohesion¬ 
less  soils,  aiid  data  from  tests  already  performed  be  col¬ 
lected  to  iirprove  the  validity  range  for  the  influence  of 
soil  type  on  cone  penetration  resistance. 
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b.  Triaxial  tests  with  the  same  soils,  if  available  under 

different  test  conditions,  e.g.  with  various  densities  and 
mean  normai.  stresses,  be  conducted  to  attempt  a  theoreticai 
solution  of  the  problem  and  the  evaluation  of  a  method  for 
the  direct  determination  of  the  friction  angle  from  cone 
penetration  resistance  measurements. 
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15.386 

0.704 

60.7 

207 

2.7 

7 

15.402 

0.701 

61.6 

207 

2.2 

552 

15.449 

0.695 

63.5 

193 

2.1 

554 

15.794 

0.658 

74.4 

227 

^.7 

15.810 

0.658 

74.4 

393 

2.5 

553 

15.888 

0.650 

76.8 

24l 

2.5 

15.^3 

0.639 

80.1 

345 

4.5 

10 

16.030 

0.634 

81.5 

310 

3.7 

9 

16.108 

0.626 

83.9 

33s 

4.0 

6 

16.187 

0.618 

86,3 

303 

3.2 

16.202 

0.618 

86.3 

296 

3.9 

55^ 

16.281 

0.610 

88.7 

282 

3.3 

555 

16.312 

0.608 

89.3 

262 

3.0 

557 

16.328 

0.605 

90.1 

358 

4,1 

558 

16.422 

0.595 

93.2 

372 

4.3 

Control  Tests 

yj 

14.117 

0.855 

15.8 

39 

0.5 

M2 

14.117 

0.855 

15.6 

38 

0.4 

M3 

13.881 

0.887 

6.3 

35 

0.4 

k4 

15.206 

0.721 

55.7 

130 

1.4 

M5 

i4.754 

0.776 

39.3 

88 

1.0 

l-'r. 

14.421 

0.815 

27.7 

68 

0.7 

^r7 

13.939 

0.876 

9.5 

43 

0.6 

1-6 

16.039 

0.634 

31.5 

350 

4.7 

M9 

15. 706 

0.667 

71.7 

269 

3.7 

KIO 

15.692 

0.64? 

77.7 

330 

4.6 

lai 

16.206 

O.6I0 

86.9 

438 

6.3 

K12 

16.412 

0,595 

93.2 

419 

5.8 

16.353 

0.603 

90.8 

455 

6.3 

KI4 

16.402 

0.597 

^.6 

435 

6.0 

! 

i 

1 


j 


Tcsos  were  not  n'uxnbered. 
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Table  3 

Tests  in  Bayou  Fierre  Saiid 


Test 
‘ies  Ho. 

Dry 

Unit  Weight 

Void  Ratio 

e 

Relative 

Density 

D  ,  t 

r  ’ 

Average  Cone 
Penetration 
Resistance 

\ 

Average  Fene- 
tration  Re¬ 
sistance 
Gradient^ 

(I  ,  i-Hi  /v.P 

B1 

1‘>.676 

0.658 

0.0 

59 

0.7 

B2 

16.245 

0.600 

22.8 

79 

0.9 

B3 

16.294 

0.595 

24.7 

79 

0.9 

Bh 

17.874 

0.439 

85.9 

406 

4.1 

B5 

18.423 

0.410 

97.3 

•■.93 

9.1 

b6 

18.060 

0.439 

65.9 

4CP) 

5.2 

B7 

18.237 

0.425 

91.4 

703 

9.2 

b8 

18.266 

0.422 

92.5 

8.6 

B9 

17.717 

0.466 

75.2 

342 

4.3 

BIO 

16.069 

0.618 

15.7 

57 

0.6 

Bll 

16.196 

0.605 

20.8 

76 

0.9 

B12 

17.305 

0.502 

61.2 

i?6 

2.2 

B13 

17.609 

0.477 

71,0 

261 

5.4 

B14 

15.960 

0.626 

12.5 

59 

0.7 

B15 

16.775 

0.550 

42.4 

102 

1.2 

bi6 

17.126 

0.520 

54.1 

158 

1.9 

B17 

16.039 

0.621 

14.5 

55 

0.6 

BlS 

16.893 

0.538 

47.1 

113 

1.2 

BI9 

15.971 

0.629 

11.4 

53 

0.6 

B20 

16.942 

0.537 

47.5 

129 

1.5 

B21 

16.961 

0.534 

48.6 

128 

1.5 

B22 

17.942 

0.449 

82.0 

405 

5.1 

B23 

17.982 

0.445 

S3. 5 

405 

5.0 

B24 

16.579 

0.567 

55.7 

108 

1.2 

B25 

16.393 

0.585 

28.6 

74 

0.9 

B26 

16.569 

0.570 

34.5 

102 

1.2 

B27 

17.374 

0.497 

63.1 

205 

2.4 

B28 

17.609 

0.477 

71.0 

242 

3.0 

B29 

17.462 

0.488 

66.7 

205 

2.6 

B30 

17.423 

0.493 

64.7 

185 

2.3 

B31 

18,060 

0.439 

85.9 

419 

4.9 

B32 

18.129 

0.435 

87.5 

513 

6.4 

B33 

18.276 

0.422 

92.5 

526 

6.5 

B34 

18.188 

0.429 

89.8 

457 

5.8 

B35 

16.520 

0.575 

32.5 

85 

i.O 

n36 

17.727 

0.466 

75.3 

269 

3.4 

PLATE  t 


CONE  PENETRATION  RESISTANCE  <le,  KN/m^ 

0  SO  100  ISO  200  2S0  SOO 


EXAMPLES  OF  DETERMINATION 
OF  CRITICAL  DEPTH  D^ 
ACCORDING  TO 
METHODS  I  AND  1 


RATIO  Oe/S 


RCLATIVe  oeNSITV 


PLATE  3 


PLATE  4 


PLATE  5 


PLATE  6 


DENSITY  AND  AVERAGE 
CONE  PENETRATION  RESISTANCE 
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